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INTRODUCTION 
This thesis is an assessment of the validity under 
Australian conditions of techniques devised by Russ1an 
climatologists for delineating 'geographic zonalit y'. Geographic 
zones, or al ternativel y 'natural regions' (and, indirectly, 
climatic regions) are defined by the 'periodic law of geographic 
zonality' as proposed by A.A.Grigorev. In essence, the 'law' 
associates geographic zone boundaries with isolines of certain 
values of the 'radiation index of dryness ', while 'periodic' 
implies, for example, the divide between forests and grasslands. 
The radiation index of dryness is simply the ratio of net 
radiation to precipitation with the latter expressed in terms of 
the latent heat of vaporisation. Grigorev and Budyko took this 
work a step further when they devised a climatic classification 
* using a closely related system (Grigorev and Budyko, 1959/1960 , 
pp 3-24). 
Some of the world's foremost meteorologists and 
climatologists have closely followed the work carried out at the 
Main Geophysical Observatory in Leningrad, which is directed by 
Budyko. In the preface to his text 'Physical Climatology'(1969), 
W.D.Sellers makes grateful refer ence to the work of Budyko. 
Throughout the book he makes repeat ed use of the Russian's data 
and finds that the radiation index of dryness is applicable in 
the United States and is comparabl e with other widely accepted 
measures (Sellers, 1969, p 91). 
* References given in this way i ndicate first the pUblication 
date and then the date of the translated publication if it 
is a different date. 
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~~ .... -------------------------------------------,-
Lettau (1969, p 694) remarks on Budyko's ' ... impressively 
comprehensive study of world climates in energy and moisture 
balance terms', and Barry and Chorley (1969, p 297) mention the 
fundamental nature of Budyko's work. Flohn (1969, p 193) notes 
that it ' ... does seem to open up a new approach to the problem 
of the classification of climat e based on sound physical 
principles within the framework of the water balance'. 
2 
Australia is for the most par t hotter, dryer, and less 
subject to continental extremes than the Soviet Union and thus it 
is natural to speculate whether or not the same results might be 
achieved in this country if the system was replicated here. 
Certainly there has been very little work of this kind carried 
out in Australia and that done is not strictly comparable. 
Gentilli gives an indication of the plethora of climatic 
classifications so far applied to Austra lia, and along with his 
phytohydroxeric index, gives details of a number of the more 
notable systems, including Koeppen 's 1936 and Thornthwaite 's 
1931 climatic classifications (Gentilli, 1972, pp 22-69). 
This thesis is in three main parts. First, the relevant 
papers available 1n English explaining the Russian system are 
examined in detail. Discussed with the work of Grigorev and 
Budyko are a number of other related papers. The relationship 
between the bases of the regionalisation of both geographic 
zones and climatic zones are examined carefully, speci al note 
being made of the availability in Australia of the data used 1n 
both. Considering that the Russians used the boundaries of 
geographic zones as a test for validity of much of their later 
work, this basic concept is an appropriate starting point for 
this sort of study in an Australian context. 
The second section deals with the techniques adopted to 
reproduce t .he original Russian calculations as closely as 
possible under local conditions . Meteorological observation 
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points in Australia, especially those recording radiation data, 
are sparse and irregular in location. The methods used to 
overcome this scarcity of data are also discussed in the second 
section, as are the computation and final mapping of the results. 
In the third section the results are analysed. World maps 
of the radiation index of dryness and the radiation balance, 
available in Russian and other literature, are used as a basis 
for a first broad assessment. Detailed comparison using a 
standard statistical technique is made between maps of the 
derived geographic zones and maps of bio-mass and soils. This is 
a more precise version of the initial comparisons made by the 
Russians. 
Modifications are made to the reproduced Russian system. 
These changes compensate for some shortcomings inherent in the 
calculations which stem from the limitations of the data. 
Isolines of the radiation index of dryness on the map produced 
by incorporating these modifications are in close agreement with 
bio-mass, soils, and especially vegetation boundaries. This was 
a claim made by the Russians for their index and on the modified 
map the claim is clearly upheld. 
Finally, some comparison is made with an available report 
of similar work in the United States and here again close 
agreement has been achieved. 
Examination and explanation of the frequently verbose 
translated Russian literature is essential before undertaking a 
study of this kind. The techniques used in chapter two can only 
be established in this way and the assessment of the results in 
chapter three cannot be satisfactorily achieved without reference 
to the original wcrk. The following chapter facilitates both 
these purposes. 
I 
I 
CHAPTER ONE 
THE RUSSIAN LITERATURE 
Geographic Zonality 
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Research carried out by Russian physical scientists relating 
to radiation balance climatology has been extensively published 
1n Russia and much has been translated into English by the 
American Geographical Society in its journal Sov iet Geograp~~ 
Review and Translation, and their Incidental Publi cation No.1, 
Soviet Geog~Ehl~Results-2nd Tasks of 1961. The journal was 
first published in 1960 and the first few issues covered works 
of major importance published in Russia up to five years earlier. 
It is proposed to review briefly some of these majo r works, in 
particular, those relevant to this study. Rather than paraphrase 
concise argument, frequent reference is made to the actual text 
of the translations. 
In Chapter three of Soviet Geography: Review and Tasks, 
entitled 'Physical Geography of the Land', S.V.Kalesnik 
recognises in the work of A.A.Grigorev and M.I.Budyko, a 
sUbstantial contribution to ' ... the theory of general physical 
geography'. He makes special mention of ' ... the system of 
taxonomic units in physical-geographic regionalization' and their 
' ... periodic law of geographic zonality' (Kalesnik , 1961, 
pp 19-22). 
In Chapter 22 of the same book, entitled 'Present State of 
the Theory of Geographic Zonality ', Grigorev sees the law of 
geographic zonality as the second of two basic physical laws. 
The first of these is the 'law of the integrity and continuity 
of the geographic environment' which implies the mutual causation 
of the structure and development of all the components of the 
geographic environment and that ' ... 011 of them together form a 
single continuous whole'. Furthermore, he claims that ' ... the 
foundations of the interrelation, interaction, and mutual 
5 
causality of the components of the geograph ic envelope of the 
910be lies in the exchange of matter and energ~ among the 
components' and explains at length how this happens and the 
development of complex combinations of different components 
(Grigorev, 1961, p 182). 
Grigorev claims the second law, the law of geographic 
zonality, is the basis of partition of the complex combination 
of components already mentioned into naturally occurring 
subdivisions. He states: 
The law of geographic zonality underlies the very 
complex natural differentiation of the geographic 
envelope of the globe into separate natural 
territories, possessing specific natural 
characteristics, varying in accordance with ~h~ 
law from one zone to another in dependence upon 
their geographic location on the surface of our 
planet. At the same time, these natural 
territories form a system of taxonomic geographic 
units. The units of highest rank (geographic belts 
and their provinces , or sectors) each include 
several geographic zones. (Grigorev, 1961, p ·183) 
Writing earlier, Grigorev explained that this law was based on a 
series of local area studies carried out between 1938 and 1946 
(Grigorev, 1956/1'961, P 5). In other words the zones were 
identified and the law followed. He summarises the findings 
neatly: 
The comparative study of the geographic zones of 
the land masses of the globe has shown that they 
form a system which is regulated by laws, 
underlain by very closely interrelated territorial 
variations in the annual magnitudes of the 
radiation balance of the earth's surface 
(differing little from the magnitude of the 
radiation balance of the growing period) and of 
the annual precipitation, as well as in the 
relationship between the radiation balance and the 
annual precipitation, expressed in thermal units, 
i.e., in the amount of calories necessary to 
evaporate the annual precipitation. This ratio has 
been given the name of 'radiation index of 
dryness'. (Grigorev, 1961, p 183) 
Considerable importance is attributed to the radiation index 
of dryness. The character of the soil regime and subsoil moisture 
depend upon the availability and quantity of moisture relative to 
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the radiation balance. This in tur n has a considerable influence 
on the character, intensity , and quality of vegetation and, 
therefore, living creatures. It was found that in different parts 
of Russia and nearby countries, in temperate, subtropical and 
tropical regions, there was a zone of optimal moisture where the 
index value was between 0.8 and 1 .0. Here the available moisture 
in terms of the latent heat of vaporisation and the radiation 
balance were matched in approximate ly equal proportions and this 
allowed maximum production of plant cover and therefore similar 
development in the variety and number of animals. Zones having on 
index value less than this optimum had an excess of moisture, and 
these zones ranged from the tundra to areas of equatorial forest. 
An index value greater than the optimum represen ted ~oisture 
deficiency. 
The Russians established that: 
... boundaries, which mark deep qualitative changes 
in the geographic envelope, are located where the 
disparity between heat and moisture is two to 
three times greater than on the corresponding 
boundaries of the nearest zone w~ere the heat-
moisture ratio approaches unity. (Grigorev, 
1956/1961, p 13) 
Hence they fixed 0.45 and 3.0 as critical limits of the radiation 
index of dryness. In both these cases the volume and variety of 
plants and animals progressively declined as the index value 
departed from unity. Furthermore: 
Several important changes in the structure, the 
dynamics and the composition of the geographic 
envelope produced by a disproportion between the 
amount of heat and moisture are common to both 
arid and excessively moist zones, but manifest 
themselves differently in many respects in both 
cases. (Grigorev, 1956/1961 , p 12) 
Regrettably, details of this equivalent decline in biological 
activity above and below the optimum value of the radiation index 
of dryness are not given. 
This is the basis of what the Russians have come to call the 
periodic law of geographic zonality. They cl aim a periodic system 
-
is evident in a two dimen sional classification having the 
radiation index of dryness as one axis and the radiation balance 
as the other. Indeed the classification they submit does tend to 
suggest this (see table 1). A consequence is that for a given 
value of the radiation index of dryness the level of biological 
productivity is dependent upon the magnitude of the radiation 
balance. As Grigorev explains, this stems from the fact that the 
intensity of photosynthesis and the rate of outflow of the 
resulting organic products are maximised in areas of optimal 
moisture conditions and these increase with the magnitude of the 
radiation balance. Moreover; 
Such a heat-moisture ratio results in a 
combination of a certain heat regime and moisture 
regime in which predominate periods of unimpeded 
and uninterrupted development of the processes of 
transpiration and evaporation (from the earth' 
surface) and of aeration of the soil and subsoil. 
Such moisture supply conditions are optimal for 
the life activity of the plant cover. (Grigorev, 
1 961, pp 8-9) 
The qualitative characteristics of the various components 
of the environment (soils, plants, animals) are discussed briefly 
* by the Russians in terms of the 'degree of completeness' 
meaning by this the extent of participation of these components 
in the overall structure of the environment and the degree of 
diversity of the processes of interaction. 'Thus, characteristic 
of each zone are definite common features of the chemical 
composition of its components and, consequently, ... common 
features of the chemical process occurring in these components 
(Grigorev t 1961, P 186). Extensions of this idea are the concepts 
of the 'degree of variety' of the components and the 'degree of 
multiformity' of the natural processes (G rigorev, 1956/1961, P 9). 
* Detailed information about this aspect of the Russian research 
is not available in English. It could probably only be studied 
at a micro level and would be beyond the scope of this study. 
For these reasons it has not been pursued here. 
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Thermal energy base 
(radiation balance) 
Kilolangleys 
per year 
Less than 0 
(high latitudes) 
o to 50 
(middle latitudes) 
50 to 75 
(subtropical 
latitudes) 
More than 75 
(tropical 
latitudes) 
TABLE 1 
GEOGRAPHIC ZONALITY 
(after A.A.Grigorev and M.I.Budyko) 
extreme excess 
of moisture 
Moisture conditions 
(radiation index of dryness) 
excess of moisture optimal 
moisture dry 
very 
dry arid 
less than 0 p-0.2 10.2-0.4 10.4-0.6 10.6-0.8 10.8-1.0 11.0-2.0 12.0-3.0 labove 3.0 
perpetual 
snow 
Arcticl Tundra 
desert and 
some 
sparse 
forest 
Sub-
tropical 
swamps 
Equat-
orial 
swamps 
Northern Southern 
and tayga 
middle and 
tayga mixed 
forests 
Subtropical . ral.n 
Swampy Equat-
equat- orial 
orial forests 
forest 
Leaf Steppe Semi- Desert 
forest steppe (temp-
and ( temp- erate) 
forest- erate) 
steppe . 
Sub- Sub- Sub-
forests tropical tropical tropical 
steppe, semi- desert 
forest desert 
and 
scrub 
Equat- Dry IDesert ITroPical 
orial savanna savanna desert 
forest, 
tropical 
forest, 
savanna 
8 
In approximating a definition of the periodic law of 
geographic zonality Grigorev (1956/1961, p 13) states 'The 
essence of that law is that within each latitudinal belt there 1S 
a definite agreement between the boundaries of the natural zones 
and isolines of certain values of the radiation index of dryness 
and that in various latitudinal belts natural zones similar in 
several essential features correspond to identical values of the 
radiation index of dryness'. 
Climatic Regionalisation 
There is a good deal of similarity between the ideas 
underlying the concept of geographic zonality and climatic 
regionalisation. In the Russian literature, climatic 
classification is seen as a logical sequel to the classification 
of geographic zones and this suggests that studies of climatic 
zones published by the Russians should also be examined. 
Heat and moisture are the fundamental elements in most 
climatic classifications and although the papers on geographic 
zonality do not specifically present the claim, the Russians have 
actually delineated climatic zones as much as geographic zones. 
This emerges from the chapter entitled 'Climatology' in Soviet 
Geography: Results and Tasks. Under the sub-heading 
'Classification of Climates and Climatic Regionalisation' the 
following claim 1S made: 
These tasks are closely interrelated, but the 
purposes and means of their solution are 
different. Classification has the object of 
singling out from among the great diversity of 
climatic conditions on the earth's surface those 
which are most typical, depending on geographic 
latitude, position in the system of atmospheric 
circulation, and the character of the underlying 
surface. Naturally a more objective classification 
of climate should be based on a study of the 
genesis of its regional characteristics. Climatic 
regionalisation concerns itself with the 
determination of boundaries along which step-wise 
qualitative changes in the climate take place, 
with the term 'quality of climate' meaning the 
character of its influence upon the other elements 
of the natural environment. It is obvious that, 
to find such climatic boundaries, the 
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cause-and-effect relationships must be established 
between the climate and the other most important 
elements of the geographic environment, especially 
the soil and plant cover. (Alisov and Khromov, 
1 961, P 63) 
In describing the different approaches to the regionalisation 
of climate, Alisov and Khromov refer among others to the work of 
G.T.Selyaninov (published in 1956). In this work the climatic 
zones are determined by the sums of the air temperatures during 
the growing period, with further subdivisions according to the 
type of humidity, the annual course of precipitation and the 
degree of continentality, the latter being judged from the 
severity of the winter (see Alisov and Khromov, 1961, p 69). These 
ideas embodied earlier work of M.I.Budyko and foreshadowed the 
climatic classification of Grigorev and Budyko (1959/1960) in 
which essentially the same ideas are proposed. 
Genetic classifications of climate are considered to be those 
formulated in terms of Climate-forming factors and Grigorev and 
Budyko maintain that the only true climate forming factors are 
solar radiation at the outer limit of the atmosphere and the 
structure of the earth's surface. Atmospheric circulation and the 
transfer of moisture and heat are ultimately determined by these 
two primary factors, and therefore existing genetic 
classifications are not truly genetic I •• • because they use only 
certain internal relations essential for the process of climate 
formation and do not consider the dependence of climate upon the 
primary climate forming factors' (Grigorev and Budyko, 1959/1960, 
p 5). In other words, they feel that rather than rely on such 
climatic elements as rainfall and temperature for the basis of 
genetic classifications one should consider instead the primary 
elements which determine rainfall and temperature. 
Grigorev and Budyko (1959/1960, p 6) claim that ' ... further 
development o"f the theory of climate' is necessary for a truly 
genetic classification to be devised. Fundamental to this is 
-
" 
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' ... a consideration of th e cause-and-effect relationships between 
the primary climate-forming factors (solar radiation, properties 
of the underlying surface) and the meteorological conditions of 
the various geographic regions'. This clearly involves a deeper 
understanding of the processes involved in the radiation balance. 
It is recognised that this is not possible at the moment and, in 
attempting an approximation of such a classification they regard 
the use of quantitative meteorological indices essential to 
objectivity. In mentioning the periodic law of geographic zonality 
they recognise that there is a 'relationship ' between geographic 
zones and climatic energy factors and that this law ' ... makes it 
possible to construct a climate classification of the physical-
geographic type based on quantitative meteorological indices that 
tie in with the distribution of the geographic zones'. They go 
on 'Since these indices are related by known quantitative laws 
with a whole series of other climatic factors, such a 
classification would also to a certain extent be genetic, . 1 . e. , 
it will reflect the conditions of weather formation in the lower 
layers of the atmosphere and on the earth's surface' (Grigorev and 
Budyko, 1959/1960, p 7). The validity of this compromise must be 
accepted in the present study. 
Among the quantitative laws discussed by Grigorev and Budyko 
are th ose dealing with the relationship between the radiation 
balance of a surface supplied with moisture and temperature and 
evaporability (possible evaporation). In dealing with temperature 
it is stated that Budyko had previously proposed methods for 
determining this element and had established a close connection 
between the radiation balance of the earth's surface and the sums 
oft h e air t em per a t u res for the p E' rio d wit h t em per a t u res 0 v e r 
10
0
celsius, generally accepted by the Russians as the growing 
period. Further study led to an examination of the relationship 
between the radiation balance and the sums of the surface 
-
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temperatures in the growing period, largely because of the direct 
impact surface temperature has on the development of vegetation 
and soil formation. Again a close relationship was established. 
The sums of the surface temperatures in degrees celsius were found 
to be more or less proportional to the radiation balance in 
kilolangleys per year, with the ratio of the respective values 
being 100 to 1. 
Concerning evaporability, it was established by Budyko that 
the precise determination of this parameter necessitated the use 
of an integrated method which took into account the effect of 
temperature, humidity, and the radiation balance. It is 
demonstrated that ' ... evaporability calculated by the integrated 
method is approximately proportional to the value of the radiation 
balance and corresponds on the average to the radiation value 
divided by the latent heat of vaporisation'. This work is 
summarised thus: 
The relationship between the radiation balance and 
the sum of the earth-surface temperatures and 
evaporability can be used in studying the 
relationship between geographic zonality and 
meteorological factors. In this case the sum of 
surface temperatures will correspond to the level 
of the 'energy base' of the physical-geographic 
processes, and the ratio of evaporability to 
precipitation will correspond to the mean moisture 
or aridity conditions. 
Such an approach makes it possible to conceive 
more clearly the causal laws underlying the 
periodic law of geographic zonality. Moreover, the 
values of the sums of the surface temperatures and 
of evaporability can be determined more precisely 
from a comparison with the radiation balance, which 
facilitates the construction of detailed maps of 
the respective indices. 
In view of these considerations , maps of the 
sums of surface temperatures especially constructed 
for the USSR for the period with an air temperature 
above 100 •.. and an aridity index equal to the ratio 
of annual evaporability to total precipitation ... 
were used to work out a scheme of climatic 
regionalisation. These maps were then compared with 
data on the geographic zonality of the USSR. The 
most detailed comparison was made with geobotanic 
maps because the distribution of the natural plant 
cover is the most reliable indica tor of climatic 
conditions. For this purpose we used the best 
-
. 
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av a ilabl e geo bot ani c zonal maps of the USSR, 
compi l ed u nde r t h e ed itorship of Ye.M.Lavrenko and 
V. B.Soc h av a at 1 : 4 , 000,000 (1954) . 
This com parison s h owed a close relationship 
between the isolines o f the selected climatic 
indices and the geog raphic zone boundaries. 
(Grigorev and Budyko , 1959 /1960, pp 9-10) 
The Russians thought it necessary t o ad op t supplementary 
indices in order to further b r eak down the br o ad climatic regions 
delineated using the system outlined . They r ecognised that 
meteorological conditions in win t e r hav e mu ch less impact on the 
vigour of natural surface processes th an thos e in summer, but they 
also recognised that the severity of winter has a s ignificant 
influence on vegetation and soil formation . He n ce for 
supplementary indices they classif i ed winte r c on d itions, 
establishing six different classes accordi ng to average January 
temperature and the extent of snow cover (se e t able 2). In 
comparing the final classification wi t h th e c omparable work on 
geographic zonality Grigorev and Bud y ko ment i o n the greater detail 
achieved and state that the climatic clas si f i cat i on includes both 
horizontal and vertical zonalit y wherea s the classification of 
geographic zonality only cons i ders lowl a nd areas (Grigorev and 
Budyko, 1959/1960, P 13). 
In discussing the correspo n de n ce of t heir classification of 
climate with vegetation types, diffe ren c e s are explained in terms 
o f soil factors but th e result is never theless felt to be quite 
satisfactory. In addition , soil zona lity and areas of consistent 
hydrological conditions we r e both observed to be reasonably well 
delineated by the boundaries o f cl im a t ic regions. 
Finally, in attempting to re l a te their work to the 'climate 
forming factors' Grig o rev and Budyk o demonstrate a close link 
between the radiation balance and the solar r adiation at the 
outer limit of the atmosphere. They c on s ider that ' ••• although 
the absolute values of the radia t io n balanc e and the sums of the 
temperatures depend upon a wide range of factors, their relative 
-
~ 
Temperature conditions of 
the warm season and sums 
of surface temperatures 
in degrees farenheit 
Very cold; temperature 
lower than ten degrees 
throughout the year 
Cold; less than 1000 
Moderately warm; 
1000 to 2000 
Warm; 2200 to 4400 
Very warm; 
more than 4000 
TABLE 2 
CLASSIFICATION OF THE CLIMATES OF THE USSR 
(after Grigorev and Budyko) 
Excessively humid 
less than 0.45 
Arctic 
Tundra and forest 
tundra 
Alpine meadows 
Moisture conditions and aridity index 
Humid 
0.45 to 1 .0 
Coniferous forest 
Mixed and broad-
leaf forest 
Insufficiently humid 
1 .0 to 3.0 
Mountain steppe 
Steppe and forest 
steppe 
Subtropical forestl Xerophytic sub-
tropical vegetation 
Arid 
over 3.0 
Mountain desert 
Nor·thern desert 
Desert 
J 
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changes in the USSR reflect mainly the influence of one factor--
solar radiation at the outer limits of the atmosphere'. They go 
on to claim a link between evaporability, annual precipitatio~ 
and continentality, and conclude 'The distribution of the total 
annual precipitation in the lowlands of the USSR thus reflects 
to a certain extent the influence of two primary climate-forming 
factors: the radiation regime at the outer limit of the 
atmosphere and the distribution of lands and oceans. Although the 
influence of these factors is complicated by a number of 
processes within the atmosphere, including atmospheric 
circulation, it remains sufficiently clear and can be expressed 
in the form of quantitative relationships ... '(Grigorev and 
Budyko, 1959/1960, p 19). 
The Difference Between the Two Systems 
In general terms the difference is that the basis of the 
periodic law of geographic zonality is a consideration of the 
radiation balance and that of the climatic classification is a 
consideration of heat balance factors. An examination of the 
real differences between the heat bases and the measures of 
moisture conditions follows. 
The heat bases used in the two systems, radiation balance 
and the sums of the surface temperatures, are quite different, 
despite the fact that they appear to be closely associated. In 
their paper on the classification of climate Grigorev and Budyko 
present a graph which demonstrates a close association between 
the two heat bases. The Y coordinate measures the sums of surface 
temperatures in degrees celsius and the X coordinate measures 
the radiation balance in kilolangleys per year. On this graph 
appears a line drawn through the origin and if it were a 
regression line it would demonstrate direct association. This 1S 
deceptive since the line is only a guide. This point is made 
clear when the same data points are analysed in a paper by 
. 
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Ernst Giese (1969, p 318) and a clearly more reasonable 
regression line intersects the Y axis at a value of 476. The full 
equation is: 
Y = 86X + 476 
and the correlation coefficient is 0.93 (see figure 1). The 
Russian claim of close association is therefore justified and en 
the basis of this association it would seem reasonable to assume 
that maps showing isolines of both measures would be very 
similar. When Grigorev and Budyko state ' ... all the basic 
climatic zones are in definite agreement with the general 
geographic zonality ... '(1959/1960, p 15) they are validating this 
point. Unless the effect of the two heat bases was essenti ally 
the same the climatic zones and the geographic zones could 
not agree. 
There remains the consideration of linking both these heat 
bases to the primary climate forming factors. The rcdiation 
balance of the surface is clearly linked to the incoming solar 
radiation at the outer limit of the earth's surface. This is 
made clear by Grigorev and Budyko using a graph associating the 
two (see figure 2) where it is demonstrated that there is such 
an association (Grigorev and Budyko, 1959/1960, p 16). A similar 
test is not made between the sums of surf ace temperatures and 
incoming solar radiation at the outer limit of the earth's 
atmosphere. Furthermore, Budyko states that use of the sums of 
the surface temperatures has ' ... no detailed theoretical 
basis ... ' (Budyko, 1956/1958, p 156 ) and mentions that some 
workers have doubts about it. 
The measures of aridity used in the two systems are also 
different. The radiation index of dryness (also called the 
radiational index of dryness in Stepanova's translation of 
Budyko's 1956 monograph) is a simple parameter and is relatively 
easy to obtain . On the other hand, the aridity index is complex. 
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It is clearly an improvement on the radiatiQn index of dryness, 
being an attempt to consider effective precipitation. Budyko 
points out that methods used to calculate this index have 
limitations in that the methods of calculating evaporability 
(which is possible evaporation) are complex. Evaporability is an 
important part of the aridity index and its reliable calculation 
involves a consideration of humidity, temperature and radiation 
balance. The simpler methods of its calculation usually produce 
acceptable approximations (Budyko, 1956/1958, p 157 and pp 161-2). 
Budyko also mentions a widespread acceptance and implementation 
of the radiation index of dryness instead of the index of aridit~ 
A.G.Isachenko, as cited by Budyko, claims the radiation index of 
dryness ' ... presents the most concise and physically understood 
index of climatic moistening'(Budyko, 1956/1958, p 158). 
In their paper on the classification of climates Grigorev 
and Budyko point out the close association between evaporability 
and the radiation balance of a surface supplied with moisture, 
and present a graph to demonstrate this (see figure 3). On this 
graph the Y coordinate is evaporability in centimetres per year 
and the X coordinate is the ratio of the radiation balance to the 
latent heat of vaporisation. This association does not involve 
precipitation directly, the implication being that for a given 
annual rainfall the association exists. Here again, a line 
passing through the origin suggests very good association but 
Giese's analysis demonstrates that the regressior. line intersects 
the Y axis (evaporability) at 18.18 (Giese, 1969, p 318). The 
full equation is: 
Y = 0.77X + 18.18 
and the correlation coefficient is 0.84. 
The close association of both sets of coordinates with each 
other has led Giese to use them interchangably. He reproduces 
one of Budyko's diagrams (see figure 4) which demonstrates how 
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geobotanic zonality is determined by the heat base and moisture 
conditions (see Giese, 1969, p 321). Budyko used the coordinates 
proposed by Grigorev, i.e., radiation balance in kilolangleys 
per year and the radiation index of dryness, but Giese used the 
sums of the surface terr.peratures in degrees celsius and the 
radiation index of dryness. The boundaries between geocotanic 
zones are not quite the same in both diagrams and this will be 
discussed in the light of Australian conditions in chapter two. 
Giese's assumed interchangeability of the two heat bases is a 
reasonable proposition in view of the demonstrated close 
* association between them. Interchangeability between the two 
indexes of moisture is also reasonable if the resulting maps ere 
to be very generalised. 
In making a first attempt at reproducing these systems under 
Australian conditions at a mapping scale of 1 :25,000,000 it was 
logical to adopt the simpler of the two techniques described in 
the Russian literature. Any differerces between the teChniques 
are undoubtedly inconsequential at this map scale. In this 
context the obvious starting point is Grigorev's initial basis of 
the delineation of geographic zones or natural regions, in other 
words, the radiation balance of a moist surface and the radiation 
index of dryness. This is the basis of the theory of geographic 
zonality and in testing it the periodic law of geographic 
zonality and Grigorev and Budyko's closely associated genetic 
climatic classification are thereby alse tested. Furthermore, 
* The interchangeability of the radiation balance and the sums of 
the air temperatures has been tested using Australian data. The 
values of these two heat bases for 696 data points were cOIT,pared 
and a correlation coefficient of 0.43 produced. This indicates 
that a very significant association exists. Details of the 
estimation of sums of surface temperatures and a generalised 
diagram of the results, compared with those of the Russians, are 
given in appendix 1 . 
-----
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this permits compariso~ with the work of others who have examined 
this system, notably Sellers in the United States (1969, p 91). 
Here then, is the basis of this study. The more fundamental 
of the two systems, geographic zones derived from the radiation 
balance and the radiation index of dryness, is now reproduced 
using Australian data. The following chapter accounts for the 
way in which the data is prepared in view of its scarcity and 
handled in the light of the Russian literature. 
-
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CHAPTER TWO 
THE RUSSIAN SYSTEM REPRODUCED 
The Radiation Balance 
The radiation balance equation is of prime importance in the 
Russian system of classifying geographic zones or natural regions. 
In this chapter the radiation balance equation 1S examined in 
detail, the extraction of the terms discussed, the radiation 
index of dryness calculated, and the results applied in a local 
replication of the original Russian work. 
M.I.Budyko describes the radiation balance as 'The sum of 
the radiational flux of heat at the level of the earth's surface 
(be it positive or negative) .... 1 He goes on: 
The radia~ion balance value is equal to the 
difference between the amount of rcdiation absorbed 
by the earth's surface and the amount of effective 
outgoing radiation, 
R = (0 + q)(1 - a) - I, 
where: 0 is the sum of direct radiation, q the sum 
of difused radiation, a albedo, I the effective 
outgoing radiation (the difference between incoming 
and outgoing heat amounts on the earth's surface, 
which is determined by radiation from the earth's 
surface and counter radiation from the atmosphere). 
(Budyko, 1956/1958, p 8) 
Here, when Budyko mentions the 'sum of direct radiation', he 
undoubtedly means the sum over all wave~engths, direct or beam. 
Throughout his monograph (1956/1958) and the paper with Grigorev, 
repeated mention is made of the fact that the radiation balance 
must be calculated for a surface adequately supplied with 
moisture, a circumstance common in Russia. This is not the case 
in Australia. Here a surface can only b~'adequately supplied with 
water if water is available and there is some degree of water 
storage in the soil. The map 'Surface Water Resources' in the 
Atlas of Australian Resources provides information for surface 
water runoff and it is clear from this map that a large part of 
the country has no such runoff, a situation which makes a moist 
surface unlikely. In view of these natural strictures the 'moist 
surface' consideration was waived in this study, due account 
being taken of this omission when the res ults were examined. 
Failing to consider surface water runoff where it does occur 
exaggerates the amount of moisture available and consequently 
renders the radiation index of dryness lower than it should be. 
Again, this was considered when examining the results. 
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It is clear from the Russian literature that the terms 
'radiation balance' and ' net radiation' have the same mean1ng, 
the latter term being widely used in western literature. In this 
study 'radiation balance' refers only to replications of the 
Russian work and 'net radiation' refers to other non Russian 
calculations. 
Budyko recognises that radiation balance is an 
unsatisfactory term. There is rarely a true calance of radiation 
and in considering only radiant energy,other energy components in 
the correctly termed ' heat balance' are not considered. Despite 
this acknowledged deficiency, Budyko adheres to the traditional 
use of the term by many Russian authors and in the context of 
this present study it is convenient to do likewise. 
Global Radiation 
The sum of direct and diffuse radiation over all wavelengths, 
Q + q 1n Budyko's equation, is commonly called'total solar 
radiation' and more recently, 'global radiation'. In Australia, 
Hounam (1963, 1969) has studied this in some detail. In 1963 he 
attempted to sUbstitute for a~ inadequate number of stations 
recording radiation data by developing a~ equation for estimating 
solar radiation based g8eed on the limited records that did 
exist. These data were obtained using the Robitzsch actinometer, 
an instrument subject to much criticism. 
In 1969 Hounam re-examined ~is earlier work using a longer 
period of records and obtained almost identical results. He 
recognises, however, that his results are subject to the 
limitations imposed cy the instrument used. He notes that it 
will be many years before reliable regression equations can be 
established using the Epply pyranometer wh i ch, since 1968, has 
replaced the Robitzsch instrument (Hounam, 1969, p 94). 
In 1964 the Commonwealth Bureau of Meteorology published a 
s old. .,... 
series of maps depicting average totallradiation obtained using 
Hounam's formula. These maps are the best available source of 
this information for Australia and have been used to obtain 
global radiation in the present study. Small scale copies of 
some of these maps appear on the map-sheet 'Temperatures', soon 
to be released as part of the Second Series of the Atlas of 
Australian Resources. 
Albedo 
20 
In his text 'General Meteorology' H.R.Byers considers albedo 
to be ' . .. the reflectivity covering all significant wavelengths 
for surfaces viewed from above' (Byers, 1959, p 22), in other 
words, the proportion of total solar radiation reflected by any 
surface. In ascribing actual values to this parameter the nature 
of the surface and the angle of the sun's elevation are 
important factors. The latter 1S especially important in higher 
latitudes. 
Albedo values have been measured or estimated . . 1n var10US 
parts of the world for various types of surface and a 
considerable range of values exists for each. A select table of 
published values is given in table 3. 
Sellers' table of values is the most comprehensive of these 
lists since it incorporates the findings of several authors, 
including Budyko. Hounam (1963, p 10) studied albedo range, 
making note of some Australian findings. He records de Vries' 
(1959) value of 0.23 for both dry land and irrigated pastures and 
settles on this value as an average albedo in his calculations of 
net radiation "regardless of surface or season. Or the other hand, 
Gentilli (1971, pp 45-46) recognises the need for more detailed 
TABLE 3 
Select table of albedos 
Surface 
fresh dry 
snow 
pure white 
snow 
polluted 
snow 
. 
sea Ice 
Ice 
Budyko 
80-95 
60-70 
40-50 
30-40 
dark soils 5-15 
(bare) 
mid grey 
soils(bare) 10-20 
dark clay or 20-35 
grey soils 
dry light 
sandy soils 
desert 
rye and 
wheat 
potato 
fields 
cotton 
fields 
meadows 
dry steppe 
tundra 
savanna 
(dry) 
savanna 
(wet) 
coniferous 
forest 
deciduous 
forest 
clouds 
water 
cities 
concrete 
roads(black) 
25-45 
10-25 
15-25 
20-25 
15-25 
20-30 
15-20 
10-1 5 
15-20 
~~ 
80+ 
50 
-30 
) 
) 
) 
) 
) 
+10-20 
) 
) 
) 
) 
) 
5+ 
55 
low 
Flohn Petterson 
80+ ) 
t70 - SO 
) 
40-50 40-50 
30-40 
-30 
) 
) 
) 
) )'10-25 
) 
) 
) 
) )20-25 
50-70 
) 
) 
) 
) )1 5-30 
) 
) 
) 
) 
) ) 3-10 
) 
50-80 
2-5 
Barry & 
Chorley 
) 
185 ) 
) 
30-40 
) 
) 
) )26+-
) 
) 
25 
30-38 
) 
) )1 0-20 
) 
2-3 
14-18 
Sellers 
75-95 
40-70 
30-40 
5-1 5 
10-20 
20-35 
25-45 
25-30 
)-
) 
) )1 5-25 
) 
) 
10-20 
15-20 
25-30 
15-20 
5-15 
- 10-20 
40-70 
low 
17-27 
5-10 
Sources: Budyko, 1956/1958, p 35; Byers, 1959, pp 22-23; 
Flohn, 1969, pp 16-18; Petterson, 1969, p 56; 
Barry and Chorley, 1969, p 37; Sellers, 1969, p 21. 
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evaluations of albedo under Australian conditions. He explains 
that vegetation is much sparser in Australia than in Europe 
causing soils to lack humus and thus be paler in colour than in 
the northern hemisphere. There are also wide areas of bare ground 
in Australia. In view of these differences Gentilli has 
realistically raised the albedo values above those widely 
accepted in the northern herr.isphere. 
Gentilli recognises the profound impact of rainfall 
seasonality upon albedos in Australia over vast expanses of 
treeless country. He provides maps of summer and winter albedos 
for Australia (Gentilli, 1971, p 46) and these appear to have 
been based on the map 'Vegetation Regions' in the Atlas of 
Australian Resources. The fact that albedo can vary by as much 
as 15 per cent from summer to winter makes an average value for 
much of the country quite unsatisfactory, especially since global 
radiation also varies considerably from summer to winter over 
most of Australia. Under these circumstances reliable 
calculation of the radiation balance necessitates the calculation 
of the formula for summer and winter, an average being taken, and 
the annual radiation balance then obtained. To this end it is 
necessary to prepare summer and winter albedo data. The most 
convenient (and, in the present context, reliable) way of 
octaining this information is the refining of Gentilli's maps 
(they have a scale of about 1 :40,00C,00C) at a larger scale; 
1 :6,000,000 in this case. Here, the boundaries of the vegetation 
types on the 1 :6,000,000 'Vegetation Regions' map in the Atlas 
of Australian Resources were used. Gentilli gives detailed 
justification of his values (1971, p 47) and they are most 
suitable for the present purpose. With only a few changes they 
have been adopted in this study and reduced versions of the maps 
appear in appendix 2. 
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Net Longwave Rad iation Loss 
In the abse nce o f instrument data, net longwave radiat ion 
loss from the s u rf ace can be estimated using charts cr empirical 
equations. Sellers points cut (1969, pp 47-56) that charts are 
probably the mor e re l iabl e of the two methods, especially th e 
integrated Elsasse r ch a r t, but that empirical equations are ~uch 
easier to use and s u ff ici e ntly reliable in most cases. For th e 
purpose in hand th e use o f a n equation is more convenient and 
the results are comparable. 
There is no uni ver sa lly accepted method of calculating net 
longwave radiation loss as ev i denced by the variety of formul a e 
that have been used i n its est imation. Hounam (1963, p 5) used 
the Brunt equatio~ i n h i s calculations of net radiation in 
Australia . Other form u l a e used elsewhere include those of 
Angstrom, Swinban k, Lin0ac r e, McDonald, Robitsch, Elsasser, 
Anderson and Budyko (s ee Sel lers, 1969, pp 53-54). In v iew o f 
this variety of techn i ques, tes ts ~ere conducted using Australian 
data in which the integrated Elsasser cr.art was compared with 
the Brunt, Angst r om, Lin~acre, and Swinbank equatio~s. The fir s t 
two are widely ac cepted overseas and the last have been developed 
using data from the Australian region. 
The Integrated ElsasseL.CharJ.. 
To use the integrated Elsasser chart (IEC for short) it is 
necessary t o calculate the amount of precipitable water in the 
atmosphere (see Sellers, 1969, pp 54-55). Byers (1959, p 164) 
gives the form ula for its calculation: 
W = ~ J q dp 
where W is cen t i me tres of precipitable water, g is the gravity 
compo nent in cm/se c 2 , q is specific humjdity 1n gm/kgm, and p 1S 
the ~ressure in millibars. This integral can be approximated 
using standard tec hniques by averaging tne mixing ratio over 
100 mb layers t o a height of 500 mb where, under Australian 
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conditio~s, moi sture is unlikely to be present. In this instance 
specific h umid ity and mixing rati o are presumed to be essentially 
the same, a co nsideration nec e s s i t ated c y a lack of specific 
humidity data a nd the availab ilit y of mix ing r at i o values at the 
various pressur e levels (Commo nwe alth Bu rea u of Meteorology, 
1958). Precipi table water was cal cul at ed us ing th e above 
equation and net longwave rad iat io n loss read off from the IEC 
(see table 4). 
Vapour Pressure Data 
To use the Br unt and An gst rom equa tion s it is necessary to 
have data on vapo ur pressure an d thes e a g ain ar e not readily 
available. The most c onven ient method o f oct a in ing this 
informatio~ was to calculate sa turation vapou r pressure for 
appropriate tem peratures, obtai n sa t ura tion deficit data from 
available maps (Commonwealth o f Aust ral i a , 1952) and to subtract 
the latter from the forme r. 
* Saturatio n vapour pressu r e for given t empe ratures can be 
obtained from tables produced by the Smithscnian Institute but 
for purposes of multiple computation a formula is necessary. 
A multiple r egression equation was d e veloped to calculate 
sa t uratio n vapour pressure within th e t emperature range 0 to 40 
degrees celsi us. This formula i s : 
Y = 6.25x10 - 6 X4 + 1 .25x10-4x3 + 0 .0164X2 + 0.4375X + 6.1 
where X is tem perature in degr ees celsius and Y is saturation 
vapour press u r e in mb. Values of s aturation vapour pressure 
octained usi ng this formula ere compared with those obtained 
from the tab l e s (see Byers, 1959, p 158, and the table on p 24). 
* Unless otherwise stated temperatures referr e d to in this study 
are those obt ained from a sta~dard screen and are expressed in 
degrees ce l si us. 
TABLE 4 
A comparIson of the calculated values of longwave radiation loss 
with those obtained using the integrated Elsasser chart 
Station lEC Brunt Ang.§ir~ Swinbank Lin~acre ........ --.-- -----------
Adelaide 200 1 91 172 1 81 1 31 
Alice Springs 208 21 5 193 164 153 
Amberley 184 199 179 169 134 
Charleville 204 200 1 81 164 146 
Cloncurry 197 202 185 1 52 139 
Darwin 1 90 127 178 142 11 9 
Garbutt 1 71 1 53 167 1 58 160 
Guildford 202 175 164 171 134 
Hobart 177 185 167 190 1 21 
Kalgoorlie 205 201 180 1 71 149 
Laverton 186 185 167 184 11 4 
Pt Hedland 209 157 175 148 141 
Williamtown 179 185 167 179 129 
Woomera 216 202 181 169 147 
~~~ a map showing the location of these stations appears In 
appendix 7 
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Calculated Table 
Temperature Val ue (mb2 Value(mb) 
0 6.100 6.108 
10 12.290 12.272 
20 23.381 23.373 
30 42.411 42.430 
40 73.799 73.777 
There . clearly no significant difference between these sets of 1S 
figures and the regression equation is thus acceptable for use 
in the Brunt and Angstrom equations. 
The Brunt Eguation 
This is the equation used by Budyko and it takes the form: 
10 =€dT 4 (1 - a - b~) 
where 10 is net longwave radiation loss in langleys per minute, 
E is emissivity of the radiating surface, d is the Stefan-
Soltzman constant, T is temperature in degrees Kelvin, e is 
vapour pressure in mb, and a and b are empirical constants (see 
Sellers, 1969, P 53). 
The lEe given by Sellers (1969, p 53) assumes an emissivity 
of 1 .0. In order to maintain consistent conditions so that 
reliable comparisons can be made, this assumption is adhered to 
when using all the equations . The Stefan-Boltzman constant is 
widely accepted as 8.22 x 10-11 ly/min and this value is used 
in comparing these formulae with the IEC. Hovever, Budyko 
(1956/1958, p 40) gives a revised value of 8.14 x 10-11 ly/min 
and this value was subsequently used in reproducing the Russian 
work. Sellers points out that a and b have been given a wide 
range of values by users of this equation and 'The medians of 
22 evaluations are a = 0.605 and b = 0.048, which are very close 
to the values used by Budyko (1956), a = 0.61 and b = 0.050 
(Sellers, 1969, P 53). Using Budyko 's values the Brunt equation 
was used to calculate net longwave radiation loss for fourteen 
test stations representative of a wide range of Australian 
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conditions (see t abl e 4). At a l a te s t age in the project, 
checking of the orig i nal work revea led Budyko's value for the 
constant b was 0.058 a nd no t 0.050 a s Sellers has it. It was, 
however, too late to incorpo r ate th is different constant in the 
calculations. 
The Angstrom Equation 
As recorded by Sellers (1969, p 53) this eq uation is: 
~ 4( - c e ) 10 = E () T 1 - a + b x 1 0 
Here, and in the following equations , t he s ymbol s have the same 
values when used in the Brunt equation . As wi th t he Brunt 
equation, a wide range of values have been ascr i be d to the 
constants a, b, and c. For the purposes of these tests Geiger's 
values (a = 0.820, b = 0.250, and c = 0.094 . See Sellers, 1969, 
p 53) were used. Values for net 10ngwave r adiation loss at the 
fourteen test stations were thus calculated using this equation. 
The Swinbank Eguation 
This equation estimates 10ngwave radiat ion loss by 
referring only to the temperature of the radiating surface. It 
was developed using data obtained i n Aust ralia end the Indian 
Ocean (see Swinbank, 1963) and its inc lusion in these tests was 
logical. Unfortunately surface temperature data are unavailable 
for most of Australia en d since any full use of this equation 
would necessitate the use of air tempera tures (assuming little 
difference between surface a nd air t empe ratures) the equation 
was tested on this basis . The equati o n is: 
10 = E (0 . 245 - 0.21 4 d T4) 
Using this equation values for net l on gwave radiation loss w€re 
calculated for the fou r teen test stations. 
The Linrracre Eguation 
This for~ula has a l so been dev e lo ped in Australia (see 
Lin~acre, 1969) . Here screen temperat ur e a nd the proportion of 
sunshine hours to day l ength are used to e s timate net longwave 
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radiation loss. The formula is: 
10 = 16 x 10-4 (100 - ~)(0.2 + 0.8 N) 
where TI = mean daily screen temperature in degrees celsius, 
n = hours of sunshine, and N = hours of daylight. 
In applying this formula data for temperature and hours of 
sunshine are readily available but hours of daylight must be 
oetained from tables or calculated. Since full use of this 
equation would involve calculation, this course was adopted in 
these tests. The formula for. obtaining daylight hours is: 
N 12 ( e x 12 ) hours (mid summer) 
-
+ -90 
N 12 ( a x 12 ) hours (mid winter) or -
-
-96 
where N = hours of daylight, sin e = tan ¢ tan d, and 
¢ = latitude and d = 23.5 degrees (the angle of declination in 
mid summer and mid winter~ This formula is in accord with that 
given by Sellers (1969, p 15) and its derivation is giver in 
appendix 3. Test values of daylight hours obtained using this 
formula are compared with values from the tables of the 
Smithsonian Institute in tabular form below showing no 
appreciable departures. 
Hours of Daylight 
Latitude Formula Tables 
Summer Winter Summer Winter 
H M H M H M H M 
12 37 11 35 12 38 11 37 
13 12 10 59 13 12 11 05 
13 54 10 23 13 52 10 27 
14 46 9 39 14 42 9 42 
Values of net longwave radiation loss at the test stations 
were calculated using the Lin~acre equation and are in table 4. 
Comparison of Calculated values with the IEC 
The results of all the calculations using the various 
techniques appear in table 4. Correlation coefficients were 
computed to compare each set of derived results with the IEC and 
these are given in the following list: 
Brunt 
.b.ngst rom 
Sw:inbank 
Lin~acre 
0 . 362 
0.567 
-0.251 
0.342 
The actual data points and regression lines are given ln 
figure 5. The correlation coefficients are not high while the 
significance levels vary between 0.10 end 0.02. 
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The Angstrom equation has the closest correlation with the 
lEe and the Swinbank equation fares very badly in these tests. 
The plotted association between the Brunt equation and the lEe 
suggest that there would be a good correlation but for the 
notable differences in results at Darwin, Port Hedland and 
Garbut (near Townsville), all of which are no doubt influenced 
by high vapour pressure densities resulting from high average 
temperatures. This difference is not surprising since the Brunt 
equation was developed in temperate latitudes. In general, the 
two best known equations are in reasonable agreement with the 
lEe except when Brun t's equation is used in the tropics. 
In trying to determine the most suitable formula to use, 
the tests proved to be no more than a guide. They tended to 
discount the Swinbank method and favour the Angstrom equation. 
In the original Russian calculations the Brunt equation was used. 
Its correlation with the lEe produced a similar coefficient G&~ 
the Australian developed Lin~acre formula. For these reasons 
the Angstrom, Brunt and Lin~acre systems were all calculated 
for Australia as a whole. In this way they can be compared under 
varying climatic conditions and they also provide a useful 
indication of the reliability of this aspect of the radiation 
balance equation. 
The Radiation Index of Drynes~ 
This is the measure of moisture ccnditions used in the 
original Russian study and is defined as the ratio of the annual 
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FIGURE 5 
Correlations betwee n the four different formulae for deriving 
lo ngwave radiation loss and the values obtained using the 
integrated Elsasser chart. The latter is the vertical aX1S ln 
all cases and the unit s are langleys per day. 
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rcdiation balance to aGnual rainfall, with the latter expressed 
in terms of the latent heat of vaporisctioG. The e~uatioG is: 
R 
I = PL 
where I IS the radiation index of dryness, R IS the annual 
radiation balance, P IS the annual rainfall, and L IS the latent 
heat of vaporisation at the relevant annual overage temperature. 
As mentioned earlier, no special consideration was mode of 
sL!rface water runoff. There was no specific mention of it in 
the Russian papers, but it has been considered in assessing the 
results. 
The Method of Calculating Radiation Balance 
Australia exhibits a wide annual range In the parameters 
and components used in the radiation balanCE e~uation. This IS 
especially true of global radiation and surface albedo. The 
relationship between these two is of prime importance in the 
equation which also considers other seascnally changing 
components such as temperature and, depending on the formula 
use~ to calculate net 10Ggwave radiation loss, vapour pressure, 
hours of sunshine, and daylight hours. These ranges make it 
logical to calculate seasonal values of the radiatioG balance 
and average the~ to get the annual figure rather than base the 
calculatioGs on annual values of the parameters and COITipOnents. 
In any event, the absence of a map of annual global radiation 
n~cessitated using an average of January and July values of 
this component, and the significance of seasonal albedo change 
would be lost if January and July albedos were averaged. 
There is an added advantage in using the seasonal average 
approach. Those maps wr, ich are available giving annual figures 
for climatic data are inevitably very generalised. Much better 
definition can Ge obtained from monthly mops. 
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The averag1ng of seasonal calculations of the radiatio~ 
balance makes necessary the solutio~ of a rather large equatio~. 
This equation then becomes the numerator in a further equation 
for the calculation of the radiation index of dryne~s. The 
a~nual radiation balance equatio~ using the Brunt formula for 
net longwove radiation loss (with the test constants for a and 
b) is: 
R = ( 1 - a) G - 1440 dT 4 (0.39 - 0.05 J8 ) 
where R is the radiation balance in langleys per day, a 1S 
albedo, G is global radiation in langleys per day, d is the 
Stefan-Boltzman constant in langleys per minute, T is average 
daily temperature in degrees Kelvin, and e 1S vapour pressure 
in millibars. This equation then becomes: 
R = 3~5(((1-a,)G,-1440dT,4(0.39-0.05/e,)) 
4 
+( (1-a" )G"-1440dT,, (0.39-0. OS/e,,))) 
Here the terms all have the same ~eaning as in the ~receding 
equation, while the ~ubscript repre~ents January values and 
the subscript" represents those for July. To obtain the 
radiation index of dryness, this whole equation is then divided 
by: r(597-0.566t) 
where r 1S annual rainfall in centimetres and t is annual 
temperature in degrees celsius. 
The simple linear regression equation was developed to make 
some allowance for the small variations in the latent heat of 
voporisatio~ at various temperature~. 
Three values for the radiatio~ index of dryness were 
calculated from radiatio~ balance values obtained using the 
three cifferent formulae for net longwave radiation loss 
already discussed. 
Computatior. and Mapping 
To map the values for the annual radiation balance and the 
radiation index of dryne~s a large number of sample ~oints ere 
r 
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necessary. There are insufficient stations recording radiatio~ 
dota in Australia for the present purpose and to compEnsate for 
this inadequacy the intersection of consecutive integer lines 
of latitude and longitude were aoopted as sample points. There 
are 696 such intersections on land in Australia. Radiation and 
other relevant data were obtained for these sample points froIT, 
a~ailable ~aps produced ty the Commonwealth Bureau of 
Meteorology. These maps were prepared by the Bureau on the basis 
of data from varying numbers of actual rEcorcing stations and 
their reliability varies accordingly. The resulting maps of the 
radiation talance and the radiation index of dryness are 
therefore only as reliaGle as the data maps used. Nevertheless, 
the syste~ adopted accounts adequately for the problem of lack 
of data if a reasonable level of generality is accepted in the 
results. 
The Slze of the equations to Ge handled and the number of 
sample points involved necessitated automatic calculation and an 
appropriate computer program was prepared. The sample points 
were allocated identification numbers according to their 
latitude and longitude and a Ho~erith punched card prepared for 
eacr. These data cards contained the necessary input data for 
all the e~uations. It comprised January and July values for 
albedo, global radiation, maximum and minimum temperatures, 
rainfall, saturction deficit and monthly hours of sunshine, and 
also annual rainfall. The program used was very straightforward 
and its algorithm is presented in appendix 4. 
The output took two forms. First, tables were prcduced 
listing the location of the sample points and January and July 
values of vapour pressure, average temperature, daily hours of 
sunshine and temperature range. The a~nual ranges of 
temperature, vapour pressure and globel radiatio~ were printed 
in addition to annual values of temperature a~d rainfall. Most 
importa~t was the listing of values of the annual radiation 
balance using the three previously mentioned methods of 
calculating net lor.gwa~e radiation loss,and the corresponding 
values of the radiation index of dryness. A value representing 
seasonality of rainfall was olso produced. This was simply the 
the ratio of January to July rainfall. 
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The output was also produced in a semi mapped form uSlng a 
standard lineprinter. The sample points WEre represented as 
crosses ln their normal relative positions on a mercator-type 
projection (other maps used in this study are based en a simple 
cenic projection). The output information was printed beside the 
appro~riate crosses thereby facilitating the drawing of isoline 
maps of all the output information. The resulting maps were very 
useful in providing additional insight when mapping and using 
the planned output. A representation of one of these maps end 
isolines drawn on it appears in appendix 5. 
Isoline maps were compiled at a scale of 1 :6,000,000 of 
the radiation balance and the radiation index of dryness. The 
values for net longwave radiation loss were obtained using the 
Brunt formula and were plotted with due account being taken of 
the earlier disregard of the 'moist surface' condition, surface 
water runoff and alse the differing values in high temperature 
areas obtained using the Angstrom and Lin~acre equations. Ten 
sample points representative of a wide range of conditions in 
Australia ha~e been selected from the results to illustrate this 
point. Values of the radiation balance aGd the radiation index 
of dryness ebtained using the three methods of calculating 
longwove radiation loss ar~e given in table 5. The difference 
cetwEen results cbtained using the Brunt formula and those 
obtained using the ether two systems are also given in table5 . 
Figure 6 indicates the location of these ten sample points. 
The isolines drawn on the semi-mapped output for the 
TABLE 5 
A comparIson of the calculations of the radiation balance and 
the radiation index of dryness using the three formulae for 
obtaining longwave radiation loss 
Location Brunt 
_Angstrom 
_ Linpiacre 
---
Index R.B. Index R.B. Index R.B. 
1 14/133 1 .47 76.1 1 .30 67.4 1 .64 84.9 
2 20/1 25 3.11 59.8 2.92 56.2 3.94 75.8 
3 24/11 6 5.48 73.1 5.71 76.1 6.65 88.8 
4 33/118 2.62 58.7 2.84 63.6 3.27 73.2 
5 25/134 5.30 55.1 5.69 59.2 6.81 70.9 
6 33/1 36 2.79 54.1 3.09 59.9 3.60 69.8 
7 1 8/1 43 1 .79 76.9 1 .72 73.8 2.12 91 .0 
8 27/142 6.87 71 .5 7.52 78.3 8.88 92.5 
9 29/1 50 1 .97 70.4 2.03 72.4 2.27 81 . 1 
1 0 36/146 1 .93 57.7 2.09 62.5 2.39 71 .4 
Note: The location of these sample points appears on figure 6 
· 4 
• 1 0 
FIGURE 6 
The location of the ten sample points for comparlng 
the calculations of the radiation balance and the 
radiation index of dryness using the Brunt, Angstrom 
and Lin~acre formulae for calculating longwave 
radiation loss. 
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measure of seasonality suggested that this might be a useful 
refinemert to the final map and it was plotted at the compiling 
scale of 1 :6,000,000 for this reason. 
In this way mops representing an Australian replication of 
the original Russian study were produced. Initially the 
classification break-points in the radiation balance (figure 7) 
and the radiation index of dryness (figure 8) used by the 
RussiaGs were adopted and a tentative map of Australia's 
geogrcphic zones produced accordingly (s~e figure 9). 
One notable feature on the radiatioG balance ~ap 1S the 
line delineating 75 kly per year. It is very close to the 
16 degree line of longitude in Western Australia end the 
Northern Territory but extends south to include much of eastern 
Queensland a.nd again north to cross the coast near Maryborough. 
The trend of this line is undoubtedly a respOGse to the similar 
trend of 15 p~r cent albedo line in summer. The 50 kly per 
year line is also of interest. The arid parts of central 
Australia which have an albedo of 30 per cent in summer and 
winter are included within the line. Elsewhere this line is 
I 
found cnly in Victoria, parts of N.S.W. and Tasmania where 
limited net radiation is the cause of the lower figure. 
As might be expected the radiation index of dryness map 
has the same radial ap~earance of the annual rainfall map of 
Australia. The critical isolines recognised by the Russians, 
1 .0 and 3.0, are interesting for .f.e-r the extent to which they 
coincide with the limits of forest and desert conditions 
respectively. The map of geographic zonality combines the first 
two maps. Naturally there is also reasoGable agreemert between 
it and the map of vegetation boundaries, but this point is 
taken up in chapter 3. 
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CHAPTER THREE 
ASSESSMENT OF THE RESULTS 
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In this c~apter the validity of the boundaries delineating 
geographic zonality is examined end assessed. Maps de~icting 
geogrcphic zones are compared with those on small scale maps of 
the world produced by the Russians. The original Russian tests 
(comparison with bio-mass and soils maps) are also co~ducted 
using an objective statistical techrique. Budyko's graph (see 
figure 4) illustrating the ~osition of the actual stations 
relative to scales of the radiatio~ balance and the radiation 
index of dryness is re~roduc€d using the Australian results for 
the sample points end then compared with the original. On the 
basis of these various tests cm~endments ar'e made and the 
results again examined. 
Initial Examination 
Budyko's world r'adiation balance map (1956/1958, p106) has 
or1ly two very generalised isolines for Australia representing 
values of the radiation balance (figure 10). The map ~'rcduced 
in the pr€s~nt study (figure 7) is naturally much more intricate 
since it has been compiled at a scale of 1 :6,000,000 but 
regardless of this the results are not the same. The Russian 
values are generally lower in the eastern half of the cOL:ntry 
by up to 10 kilolangleys per year. In much of central Australia 
the values ore virtually the same if allowance is made for 
gEneralisatio~. In the west the Russian value is again lower, 
the difference teing aboL:t 5 kilolangleys per year. Only i n the 
~orthern Territory do the Russian values tend to be higber tha~ 
those on the map being examinee but here the difference 1S not 
great. The ~ost notable differences lie in the tropics. As 
already mentio~ed, this may well be explained by the fact that 
most techniques for evaluating radiation balar!ce components 
have been developed in temperate latitudes. 
FIGURE 11 
An enlargement of Giese's version 
of Budyko's world map of the 
radiation index of dryness a s it 
applies to AusLralia 
FIGURE 10 
An enlargement of the Au stra lian 
part of Budyko's wor l d map of 
radiation balance 
The units are kilolangleys per year 
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Budyko's small world map of the radiation index of dryness 
IS not very distinct in available copies of his monograph 
(Budyko, 1956/1958, p 176) but the same map IS represerted very 
clearly by Ernst Giese (1969, p 323) and is reproduced in 
figure 11. The position, values, and general shope of the 
isolines is almost the same on the Russian map and on that 
presented in the present study. Only in south WESt Western 
Australia are the values different. Even then the difference IS 
small, the Russian vclue being slightly lower, but the general 
shape of the isolines is the same. 
It is not possible for the two sets of maps to have 
different values for the radiation balance and the same values 
for the radiation index of dryness unless annual rainfall dcta 
used by the Russians was incorrect, and this is unlikely, SInce 
they wculd have had access to Australian rainfall maps. This 
difference is probably explained by the fact that Budyko's book 
predates any widespread publication of radiation data in 
Australia. 
The Graph of Geographic Zonality 
Budyko's grcpr of the values at his recording stations 
relativE tc the scales of the radiation balance and the 
radiation index of dryness (figure 4) also indicates how 
geographic zones are delineated within this conceptual framework. 
With the exception of tundra regions his minimum radiation index 
of dryness value is about 0.3. In areas having index val u es from 
0.3 to 1.1 forests are seen to occur, their nature depending o n 
the radiation balance. Beyond a value of 1.1 steppe grass l ands 
predominate, giving way to semi desert at about 2.3 and deser t 
at the 3.4 val u e. In general the diagram demonstrates rapid 
increase in the radiation balance where the index value is 
about 0.3 and in areas having index val u es higher than abo ut 
1 .0 there is a general decline. The mi nim um v a lu e of the 
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radiation balance wit h an increasing index value peaks at about 
2.0 and varies little beyond this figure. The absolute 
geobotanical boundaries in this diagram are drawn again by 
Budyko (1956/1958, p 178), this time enclosing lines 
representing equal surface water runoff with these lines all 
tending to the origin. This diagram is reproduced in figure 12. 
Giese has produced a similar diagram of geographic zonality 
(1969, p 321) with the same basic geobotanic subdivisions as 
Budyko (see figure 4). However, he uses as a heat base sums of 
the surface temperatures in the same way Grigorev and Budyko 
(1959/1960) have in their system of climatic classification. 
Grigorev and Budyko demonstrate, and Giese repeats, a close 
correlation between radiation balance and sums of surface 
temperatures. It would seem to be a safe assumption that these 
two energy bases can be used interchangeably at this level of 
generality. Giese used different critical values of the 
radiation index of dryness to separate tundra, forests, steppe, 
semi-desert and desert. He recognlses a minimum value for 
forests close to 0.5 and a value of 1.0 as the divide between 
forest and steppe. He does not define a boundary between steppe 
and semi-desert but recognises an index of 3.0 as the value at 
which desert begins. Giese's diagram also depicts a declining 
maximum for the radiation balance for an increasing index value 
above 1.0 and his mlnlmum value also peaks at about 2.0. 
A diagram of the type just described has been produced 
using the radiation balance and radiation index of dryness 
values for a large number of the 696 Australian sample points 
used in this study. On this diagram (see figure 13) lines are 
drawn showing the limits of the actual values plotted. Budyko's 
limiting lines are also drawn on the diagram and a clear 
difference is evident in the radiation balance value when the 
radiation index of dryness figure exceeds about 2.0. This 
100 
80 
bO 
2.0 
100 
FIGURE 1 2 
1·0 2 ,0 ,3·0 
A facsimile of Budyko's diagram illustrating surface 
water runoff in the various geographic zones. The 
horizontal axis is the radiation index of dryness, the 
vertical axis is the radiation balance in kly/yr, and 
the units of runoff are em/yr. 
FIGURE 13 
---
)·0 2.. , 0 5 '0 
This diagram depicts where the sample points ln this 
study lie ln relation to the bounding lines of the 
Russians' geographic zones. Runoff is also indicated ln 
cm/yr, and the axes are as in figure 12. 
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difference prompted tests of the radiation balance calculations 
to ascertain if the considerably higher values obtained using 
Australian data were reasonable. 
Validation Tests of the Australian Data 
In the first of these tests the components of the radiation 
balance equation were varied by fixed amounts. The effects of 
these changes were gauged by shifts in the position of sample 
points on the graph (see figure 14). Since Budyko used surface 
temperature data (unobtainable for the Australian sample points) 
the temperatures of the five selected sample points, labelled 
A, B, C, D, and E on the graph, were progressively increased by 
five degrees celsius to accom~date the increase in temperature 
that might be expected between screen-height temperatures of 
the air and those of the earth's surface. The five new positions 
of each of the five data points are plotted on the graph. 
Since vapour pressure is important in calculating net 
longwave radiation loss this component in the formula (only the 
Brunt equation was examined) was also varied for one sample 
point. The vapour pressure value for this point, marked VP on 
the graph, was increased and decreased by increments of five 
millibars in each direction. This was facilitated by using a 
nomogram for applying the Brunt equation and this is presented 
1n appendix 6. 
In addition to these variations, temperature and vapour 
pressure were am~ended simultaneously for another sample point, 
marked X on the graph, where the temperature was increased by 
five degrees celsius and the vapour pressure decreased by five 
millibars. As can be seen on diagram, these extreme changes 
bring the sample point value within the Russian's limits, but 
such errors in the data (as would be necessary to effect such 
a change) are most unlikely in this instance. 
100 
eo 
2. '0 3 ·0 
FIGURE 14 
Validation tests of the Australian data for temperature 
and vapour pressure. The horizontal axis is the rad iation 
index of dryness and the vertical axis is the radiation 
balance in kly/yr. 
n 
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As depicted on the graph, the results of these tests make 
it clear that variations of the components 1n the equation have 
a much greater impact on the resulting values when the 
precipitation is low and the radiation index of dryness 1S 
consequently high. It is not reasonable to assume that surface 
and air temperatures would differ by greater than an average of 
five degrees celsius and with only one exception (case A ) such 
a difference does not bring the sample point value within 
Budyko's limits. It is unlikely that the calculation of vapour 
pressure in this exercise is in error to the extent of five 
millibars and as seen 1n case VP a shift of this magnitude is 
necessary to bring the sample point within the Russian limits. 
Budyko's diagram illustrating an association between 
surface water runoff and geographic zonality was also attempted 
using Australian data (see figure 13). This diagram bears some 
resemblance to the Russian model but the match is not close. This 
is no doubt due to the limited amount of surface water runoff 
over most of the country, the absence 1n Australia of some of 
the conditions in Russia as depicted on Budyko's diagram and 
the marked seasonality of rainfall throughout much of northern 
~ustralia. 
It 1S clear from the results of these tests that the data 
used 1n the present study would need to be substantially 
different for the limitations of Budyko's diagram to be met. 
A second set of tests was therefore conducted upon the data 
available and other aspects of the radiation balance equation. 
Hounam's global radiation data must be relied on since it 1S 
currently the only such data widely available. His second study 
(Hounam, 1969) verifies the technique he used in his earlier 
work (1963) from which the presently used data emerged. I n his 
initial work Hounam estimated net radiation using Brunt's 1939 
equation for net longwave radiation loss and a fixed albedo. 
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The Brunt equation included a term which considered cloud cover 
va..luc:.. c the 
and this could naturally be expected to increase the Aradiation 
balance by increasing longwave back radia'tion. His grounds for 
uSIng a fixed albedo are not convincing and a variable albedo 
can be expected to have quite an impact on the value of the 
radiation balance. Hounam's net radiation maps for January and 
July were averaged and compared with the derived map of 
radiation balance. This was done by taking the 29 points of 
intersection on land of five degree lines of latitude and 
longitude as sample points, graphing the two sets of values, and 
conducting correlation tests. 
Values for the 29 sample points from both sources are 
depicted in figure 15 and in table 6. The graph illustrates the 
difference. The average radiation balance value calculated uSIng 
a variable albedo is 8.6 per cent less than the average of 
Hounam's net radiation values despite a number of the sample 
points having higher derived radiation balance values than the 
net radiation figures. When the radiation balance figure was 
calculated using Hounam's fixed albedo the situation was 
accentuated. At no sample point did t~e radiation balance 
figure exceed Hounam's value, being on average 12.8 per cent 
less than it. The graph demonstrates the similarity of the two 
lines, one being almost the shadow of the other. 
Correlation tests reinforce this picture. Values for net 
radiation and the radiation balance calculated uSIng a variable 
albedo have a correlation coefficient of 0.73 while the same 
test using the fixed albedo (0.23) gives the higher coefficient 
of 0.80. The student's t test proved both these coefficients to 
be significant at the 0.1 per cent level of probability. The 
graph demonstrates clearly that the differenc in general shape 
of the 'profiles' IS almost entirely accounted for by the albedo 
difference. A higher albedo coincides with a decreased radiation 
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TABLE 6 
Comparison of the radiation balance calculated uSIng a variable 
albedo with Hounam's net radiation calculated uSIng a fixed 
albedo of 0.23 
Location 
1 5/1 24 
1 30 
1 35 
1 45 
20/1 20 
1 25 
130 
135 
1 40 
145 
25/115 
1 20 
1 25 
130 
135 
140 
145 
1 50 
30/11 5 
120 
1 25 
130 
135 
1 40 
1 45 
1 50 
35/1 40 
145 
1 50 
Rad Bal 
76.9 
76.3 
72.7 
72.0 
83.2 
72.8 
72.9 
70.0 
73.4 
74.0 
77.3 
60.9 
~9.7 
62.8 
64.4 
62.3 
69.9 
64.0 
69.3 
64.6 
70.7 
66.1 
60.9 
68.3 
66 .. 8 
71 .0 
50.0 
60.3 
49.6 
Net Rad 
91 . 1 
85.6 
84.5 
88.4 
89.9 
79.5 
75.6 
75.6 
79.3 
84.4 
81 .7 
72.7 
69.8 
68.5 
70.5 
75.0 
79.6 
80.4 
70.5 
70.4 
71 .0 
68.7 
69.4 
71 .5 
73.8 
74.9 
66.4 
68.5 
66.5 
Var Albedo 
0.20 
0.20 
0.20 
0.20 
0.25 
0.30 
0.25 
0.25 
0.20 
0.20 
0.25 
0.25 
0.30 
0.30 
0.30 
0.25 
0.20 
0.20 
0.20 
0.25 
0.17 
0.17 
0.25 
0.25 
0.17 
0.17 
0.20 
0.20 
0.10 
...... 
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balance value. The cifference in absolute values can therefore 
reasonably be attributed to the component ln the Brunt equation 
(as used by Hounam) which accounts for cloud cover. Indeed the 
Linnacre formula for net longwcve radiation loss, which also 
cor.siders cloud cover, also produces a higher radiation balance 
value than those systems neglecting it. 
These tests all tend to validate the cclculations used In 
the present study. Hounam's research is the only ccmpcrable work 
carried o~t in Australia and produces higher values than those 
attained ln a replication of the Russian calculations. The fact 
that the small scale Russian maps of Australia gives lower 
values of the radiation balance than those produced in this 
study can therefore procably be attributed to lack of data. 
Assessment of Geographic Zonalit~ in Australia 
The map depicting geographic zonality as defined by the 
Russians was prepared by combining three classes of the 
radiation balance and four classes of the radiation index of 
dryness (see figure 9). The break-points used in both cases were 
those used by Grigorev and Budyko (1959/1960). In this way a 
twelve group classification was prepared. However, because of 
the very small area of land (in Tasmania) covered by the lowest 
class of the radiation index of dryness it proved to be more 
realistic to combine the lowest two classes thereby reducing 
the number of geographic zones to nine. 
Grigorev and Budyko (1959/1960) used a comparison with 
soil and biomass boundaries as a test of the validity of their 
results, and these comparisons are reproduced as nearly as 
possible in this instance. In order to compare the present 
results with soil boundaries C. G. Stephens' 1 :6,000,000 'Soils' 
map in the Atlas of Australian Resources was generalised to 
more nearly match the generality of the geographic zonality 
boundaries. This was done in two ways. First, the thirty two 
soil categories shown on Stephens' map were combined into 
seven categories according to the group headings used on the 
map. These headings clearly represent varying responses to 
climatic conditions. The seven categories, and the soil types 
within each, are given in table 7 and the map is figure 16. 
40 
Obtaining a bio-mass map for purposes of compar1son was 
more difficult. It was not possible to use the map 'Vegetation 
Regions' in the Atlas of Australian Resources as used to 
estimate albedo because of the loosely descriptive nature of its 
classification. Fortunately, access to the draft material for 
J.A.Carnahan's forthcoming revision of this map enabled the 
preparation of a very generalised map of bio-mass as the 
Russians describe it. The classification recognises three 
aspects of vegetation. These are genus, growth form, and 
projective foliar cover. The last two of these are combined 1n 
a matrix which approximates a bio-mass classification (see 
table 8). 
This classification 1S clearly only an approximation of 
bio-mass conditions. Some combinations of foliar cover and 
growth form in bio-mass group number three probably overlap 
some combinations in group number two. A complete 8 x 4 matrix 
would produce 32 bio-mass classes, many of which would 
represent approximately equal bio-mass values. Despite these 
contrary considerations the seven derived bio-mass classes have 
been mapped (see figure 17) and used for comparison purposes. 
This map has a level of generality comparable with the soils 
map since the two classifications are the same size and the 
maps are at the same scale. 
Statistical Tests 
Visual comparIson of the map of geographic zones with maps 
of soils and bio-mass conditions produces no clear impression 
of association or correlation beyond a broad agreement between 
FIGURE 16 
Generalised soils 
map 
(after Stephens) 
For legend details 
see table 7 following, 
Note: two adjoining 
soil types in the 
same group indicate 
that the actual soil 
types are different 
within that group. 
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TABLE 7 
The amalgamations of the categories on Stephen's soils map 
A Soils of the alpine and perhumid zones 
1 High moor peats and alpine humus soils 
2 Peaty podzols 
B Soils of the humid zones 
3 ~cid swamp soils 
4 Podzols 
5 Grey-brown, brown, red, yellow, and meadow (gley) podzolic 
soils 
6 Krasnozems and lateritic krasnozems 
7 Yellow earths 
8 Prairie soils 
9 Groundwater rendzinas and rendzinas 
10 Terra rossa soils 
C Soils of the seasonally humid zones 
11 Red-brown earths and brown earths 
12 Non-calcic brown soils 
13 Black earths and wiesenboden 
D Soils of the semi-arid zones 
14 Solonized brown soils 
15 Grey and brown soils of heavy texture 
16 Brown soils of light texture 
E Soils of the arid zone 
1 7 Des e r t loam s 
18 Grey-brown to red calcareous desert soils 
19 Arid desert earths 
20 Red and brown hardpan soils 
21 Stony desert tableland soils 
22 Desert sand-plain soils 
23 Desert sandhills 
F Soils with weak climatic zonation 
24 Lateritic podzolic soils 
25 Lateritic red earths 
26 Calcareous lateritic soils 
27 Solonchaks 
28 Solodized solonetz and solonetz soils 
29 Solodic soils 
G Soils with no climatic zonation 
30 Alluvial soils 
31 Skeletal soils 
32 Calcareous coastal sands 
.... 
FIGURE 17 
Bio-mass map of 
Australia 
For legend details 
see table 8 following 
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TABLE 8 
Bio-mass classification 
Growth form 
Trees above 10 metres 
Trees below 10 metres 
Shrubs above 2 metres 
Shrubs below 2 metres 
Graminoi ds 
Hummock grass 
Forbs 
Foliar cover 
------
Greater than 30% Less than 30% 
1 2 
3 4 
5 6 
7 --------
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soil and geographic zone boundaries right across northern 
~ustralia near the 18 degree line of latitude west of the Gulf 
of Carpentaria. Clearly a statistical technique is necessary to 
ascertain if there is any significant correlation between 
geographic zones, soils, and bio-mass regions. Modifications to 
the initial map and the generalisation of the lines would also 
necessitate testing against these maps, and here again such a 
technique is necessary. 
The most appropriate non-parametric statistical test to 
use in assessing the similarity of these maps is the contingency 
coefficient obtained from contingency tables. These coefficients 
can only be validly compared if the tables from which they are 
derived have the same dimensions and this condition was made 
to exist in the present case ( the matrix size was 9 x 7 ). As a 
guide to the meaning of the magnitude of the contingency 
ma.r" 
coefficients the bio-mass and soils ~ were compared using this 
technique producing a coefficient of 0.65. A further guide is 
obtained from an artificial test of this technique. Two highly 
correlated sets of data were compared using a table having the 
same dimensions as those in the actual cases (i.e. 9 x 7). Here 
the coefficient produced was 0.92 and it can be assumed that 
this figure would be close to the maximum attainable on a 
matrix of this size. A detailed account of the use of 
contingency tables and the coefficient is given in chapter 12 
In McNemar (1962). 
When the geographic zonality map was compared with the 
bio-mass map a coefficient of 0.60 was produced and a 
coefficient of 0.69 when geographic zones were compared with 
soils. In each of these cases the chi square values were highly 
significant, the probability of their arlslng by chance being 
considerably less than once in a thousand cases. 
It is clear that for conditions at the 696 sample points 
42 
the measures of geographic zonality correspond with bio-mass and 
soils conditions about as well as soils types do with bio-mass 
conditions. This does not mean, however, that the Russians 
generous claims of close agreement (for example, see the 
quotation on pp 11-12) are justified for these same lines 1n 
ustralia, and in attempting to 1mprove these associations 
modifications were made to the map of geographic zonality and 
tests again conducted to test the results. 
Modified Geographic Zones 
Modifications were carried out upon the initial results and 
these took two different forms. First the lines were rationalised 
with regard to a few data points yielding unusual results and 
then all categories having a radiation index of dryness value 
greater than 3.0 were amalgamated into a single category . This 
category represents desert conditions regardless of its 
radiation balance value and isolating these desert conditions 1S 
consistent with the original Russian classification. The marked 
seasonality of rainfall in the north and north west of Au stralia 
with consequent reduction in the effectiveness of this rainfall 
suggested a northward adjustment be made to the line 
representing the beginning of desert conditions. In so doing, 
the work of Fitzpatrick and Nix (1970) was given careful 
attention. Their isoline representing the 0.4 growth index value 
for tropical grasses was finally adopted as a more realistic 
location for the line delimiting desert conditions. 
The second modification to the initial map of geographic 
zonality was 1n response to a recognition of the substantial 
seasonal difference in rainfall between northern and southern 
Australia. The climatic classification of Grigorev and Budyko 
used the severity and nature of winter precipitation as a 
detailed refinement of their otherwise broad groupings. Measures 
of the magnitude and seasonality of rainfall can reasonably be 
4 3 
claimed to serve a similar purpose under the mu ch dryer 
conditions in Australia. EVEn a superficial comparison of the 
radiation balance and 'Vegetation Regions' maps demonstrates 
that variations in the radiation balance do not have a great 
impact on vegetation beyond a broad tropical/non-tropical 
difference around the Queensland/New South Wales border. 
Rainfall availability is clearly of much greater importance 1n 
restricting (or permitting) vegetation growth than the radiation 
balance. The converse of this situation is the case 1n Russia. 
The radiation index of dryness already closely reflects the 
annual precipitation pattern being partly derived from annual 
rainfall. The use of rainfall seasonality as a subdividing index 
is justified because of the seasonal impact it can have on all 
aspects of biological activity. 
Seasonality 
A simple, effective index of the seasonality of rainfall 
1S obtained by dividing January rainfall by that of July. A map 
of this index shows where two or three times January rainfall 
falls in July or V1ce versa. It is consistent with Fitzpatrick's 
isochronal map of the location and date of the first harmonic 
in his harmonic analysis of the seasonal distribution of 
rainfall (Fitzpatrick, 1964, p 279). For present purposes the 
index of seasonality is simpler and more relevant in view of 
the summer and winter emphasis of the radiation balance 
calculations. It has little meaning in arid parts of Au stralia 
and was only used as a refinement in areas having considerable 
rainfall. ThE seasonality map (figure 18) shows various isolines, 
including the isoline of equal seasonal rainfall and the line 
representing the northern limit of J uly rainfall. 
Some significance could be read into the seasonality 
isolines in eastern Australia. Notable breaks in vegetation 
types are more or less coincident with some of these iso l ines. 
FIGURE 18 
Index of Seasonality 
Rainfall 
----Jan : July = Index 
3 1 = 3 
2 1 = 2 
1 1 = 1 
1 2 = .5 
1 3 = .3 
J = the northern 
limit of July raln 
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The northern limit of July rainfall corresponds fairly closely 
with the western limit of tropical woodland in north Queensland. 
The southern limit of this .tropical woodland is close to the 
2.5 seasonality index line while the northern extent of 
temperate woodland is in harmony wi th the 1 .5 index 1 ine. In 
central and western Victoria various types of shrub communities 
are delimited by the 0.3 index line. 
This intuitive association of index lines with actual 
mapped phenomena 1S a traditional empirical technique and is 
essentially that used by the Russians. Whether or not botanical 
examination would uphold these suggested associations is beyond 
the present scope but in terms of delineating geographic zones 
in Australia the extent of rainfall seasonality is a valid 
consideration. 
The modifications to the map of geographic zonality as 
described above are illustrated on figure19 and in table 9. 
SUbstantial correlations with the bio-mass and soils maps 
COf'lt j (1.9 e f1 c. ~ 
are achieved and a table of correlation coefficients is given 
below: 
Map using 
Russian 
break-points 
Revised map 
Sio-mass Map 
0.60 
0.78 
Soils Map 
0.69 
0.73 
In all cases the chi square value was significant at the 0.1 
per cent level of probability. 
From these results it can be reasonably assumed that the 
Russian system of establishing and delineating geographic zones 
is applicable in Australia with some modifications. These 
modifications represent an attempt to improve the original ideas 
in terms of the original Russian tests of their validity. They 
included Onl~ slight changes to the radiation index of dryness, 
and these, only to account for conditions of extreme rainfall 
seasonality. On the other hand, the radiation balance is not an 
FIGURE 1 9 
Modified Geographic 
Zonality map of 
Australia 
For legend details 
see table 9 following 
J = limit of July 
rainfall 
= isolines of 
rad iat ion indexl-1' 
of dryness 
---- = isolines of 
seasonality 
\ Note: This map could 
be made more detailed 
by adding further 
seasonality isolines 
as indicated in the 
text. The importance 
of higher radiation 
balance values in 
northern Australia 
--
is implicit in this 
classification since 
the seasonality lines 
are more or less 
coincidental with 
those of the radiation 
balance, especially 
in eastern Australia. 
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TA8LE 9 
Modified classification of geographic zonality 
SEASONALITY RADIATION INDEX OF DRYNESS 
- 1 .0 (A) 1.0 - 3.0 (8 ) 3.0 + (C) 
----- ---- ------ --------
-- ---
- 0.5 (1 ) A1 ) 81 Temperate C ) 
) Temperate grasslands ) 
) ) 
0.5 - 1.0 (2 ) A2) raln 82) C ) ) forest ) Temperate ) ) ) 
1.0 - 2.0 ( 3 ) A3 Temperate 83) woodland C ) 
forest ) ) ) 
2.0 - 3.0 (4 ) A4 Sub-tropical 84) C ) Desert 
forest ) ) 
) Tropical ) 
( 5 ) C ) 3.0 + AS Tropical 85) 
rainforest ) woodland ) 
) ) 
no July rain(6) A6 86) C ) . . . . . . . . ) ) 
Note: The vegetation types referred to in this classification are based on the map-sheet 
'Vegetation Regions' in the Atlas of Australian Resources. Naturally they are 
abbreviated. This means, for example, that in zones 84, 85, and 86 tropical grasses 
and savanna will be present as well as tropical woodland. 
~ 
effective means of subdivision In Australia and has been 
replaced. 
Subjective Assessment 
45 
Given that the Russian system is seen to work in modified 
form under Australian conditions as assessed by the Russians 
own criteria, a number of sUbjective points of verification can 
be made. The 1.0 index of aridity line neatly includes all the 
areas of tall forest (trees above 30 metres) as delineated on 
Carnahan's forthcoming map. Furthermore, the 'forests' category 
on the Vegetation Regions map in the Atlas of Australian 
Resources, which largely represents eucalypt forests, IS also 
neatly encompassed by the 1.5 index line (see figure 20). This 
probably reflects the hardy nature of Australia's eucalyptus 
trees under dry conditions. There is also an interesting 
corroboration of the 3.0 index l ine as the beginning of desert 
conditions. The CSIRO Rangelands Research Unit has recently 
prepared a map delineating their study area, which they regard 
as the arid lands of Australia. Their limiting line is almost 
coincident with the 3.0 index line In the temperate parts of 
the country. Its divergence in the tropics is no doubt a result 
of the derivation of radiation balance formul~ in temperate 
latitudes. Figure 21 shows this association. 
In considering the water balance as an index of climate 
Sellers compares a number of measures which have been used for 
this purpose. Among them Budyko's radiation index of dryness 
receives detailed examination. Sellers reports on a test he 
conducted upon the radiation index of dryness using data 
obtained in the Unit ed States. After allowing for the 
limitations inevitably imposed upon such tests, Sellers assesses 
the res u 1 t s t h us: '... the res u 1 t s are in goo d a g r e em e n t wit h 
Budyko's hypothesis', and concludes with a detailed comparIson 
of values and conditions (Sellers, 1969, p 92). 
FIGURE 20 
Generalised Vegetation 
map of Australia 
(after the map-sheet 
'Vegetation Regions' 
the Atlas of . l.n 
Australian Resources) 
F = Forest 
W = Woodland 
S = Savanna 
G = Grassland 
D = Desert 
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FIGURE 21 
An illustration of the 
similarity between the 
line delimiting 'arid 
land' as recognised by 
the Rangelands Research 
Unit of the CSIRO and 
the 3.0 isoline of the 
radiation index of 
dryness. 
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Mention must also be made of the work of Hare and Ritchie 
In assessIng the interrelationships between vegetation 
boundaries and radiation balance factors in the Boreal forests 
of North America (Hare and Ritchie, 1972). This work is not 
strictly comparable with the present study but they attribute 
considerable importance to the work of Russian scientists In 
this field. Their examination of bio-mass and especially 
ohytomass in radiation balance terms is the logical direction 
in which the concept of geographic zonality should be extended 
. 
a mIcro level. at 
It is clear that the Russian system of classifying 
geographic zones has validity under Australian conditions. 
Modifications must be made to compensate for the greater 
importance of moisture than heat in governing vegetation growth. 
These modifications are justified, being consequences of the 
latitudinal difference between Russia and Australia as observed 
in the difference between Russia's ample moisture and limited 
heat and Australia's great heat and aridity . 
J 
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CONCLUSION 
The approach by Russian scientists to the question of 
identifying and classifying natural geographic regIons and 
climatic zones adds new ideas to traditional ones. The widely 
accepted association of heat and moisture conditions have been 
examined using new techniques involving the radiation balance 
and on index of moisture conditions called the radiation index 
of dryness. When the value of this index approaches unity, 
optimum moisture conditions exist for the development of 
biological activity. When the index is less than 1 .0, exceSSIve 
moisture is present; index numbers higher than 1.0 indicate 
aridity. 
Critical isolines of the radiation balance and the 
radiation index of dryness intersect to delimit geographic zones. 
These ideas are the basis of what the Russians call the 
'periodic law of geographic zonality' because of the step-wise 
gradation of vegetation types between different regions. 
The concept of geographic zonality can be used to summarIse 
bio-mass conditions of any environment, permitting the 
regionalisation of these conditions and also the broad 
delineation of climatic zones and, to some extent, areas of 
uniform surface water runoff. In the Russian literature it has 
also been used as the basis for the validation of a climatic 
classification derived from other heat and moisture indices. 
This climatic classification was an attempt to introduce greater 
precision into the work, replacing the radiation balance with 
the sums of the surface temperatures as the heat base, and using 
an 'index of aridity' instead of the radiation index of dryness. 
3~~ 
Th e Russians admit that there / problems involved in deriving the 
index of aridity and that there is no sound physical basis for 
uSIng the sums of surface temperatures as a heat base. 
In this first attempt to simulate the Russian system under 
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Australian conditions the basis of the periodic law of 
geographic zonality has been tested in preference to the more 
refined climatic regionalisation, since to a large extent the 
former reflects the latter. The geographic zonality approach is 
more appropriate to the scale of operation of this project for 
which data is available. On the other hand, surface temperature 
data are unavailable for large parts of Australia and m~ch 
uncertainty surrounds the concepts underlying the index of 
aridity. For these reasons the alternative approach used by the 
Russians was not attempted. 
The radiation balance (or net radiation), as the Russians 
define it, considers only global shortwave radiation (diffuse, 
direct, scattered back and reflected) and net longwave radiation 
loss. Turbulent heat flow, heat loss in evapotranspiration. and 
heating of the subsurface are all considered to be part of the 
broader heat balance equation, and serve to balance out net 
radiation, but they are not part of the radiation balance 
formula used by the Russians and are not employed here. Adoption 
of this radiation balance formula simplifies the procedure 
considerably since values of some heat balance parameters for 
much of Australia could only be estimated, thereby inevitably 
introducing greater limitations upon the accuracy of the 
calculations than exist in this study. 
In his Heat Balance of the Earth's Surface Budyko 
repeatedly emphasises that his calculations of the radiation 
balance and further calculations using it are all made on the 
basis of a surface adequately supplied with moisture. Na tu rally, 
much of Australia does not have such a surface. Allowance can 
be made for this ln one of two ways. First the albedos and air 
temperatures can be varied to compensate for the difference. 
Alternatively~ this consideration can be ignored with due 
account being taken for any resultant anomalies at a later stage. 
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The second approach was preferred for reasons of its simplicity. 
Values of the radiation balance and especially the 
radiation index of dryness were noticably higher than those 
obtained in Russia. In parts of central Australia the index 
reached more than three times the magnitude the Russians 
considered to be a reasonable maXImum. 
The parameters in the calculation of the radiation balance, 
global radiation, surface albedo, and effective longwave 
radiation loss, have all been calculated as precisely as 
available sources permit. Global radiation has been plotted 
directly from maps published by the Commonwealth Bureau of 
Meteorology. 
Surface albedo was not assumed to be a constant as Hounam 
and others have done. Maps were drawn showing values for January 
and July based on Gentilli's estimates and more precisely 
delineated vegetation boundary lines from the same map Gentilli 
undoubtedly used, the 'Vegetation Regions' map in the Atlas of 
Australian Resources. These albedo values suffer in being 
estimates but are a marked improvement on the assumption of a 
standard albedo. 
Obtaining estimates of effective longwave radiation loss 
was complicated by the numerous ways it can be done and 
conflicting opinion as to the reliability of each. A number of 
test comparisons were conducted between results obtained using 
the integrated Elsasser chart (widely accepted as a relia b le 
technique) and the Brunt, Angstrom, Swinbank and Lin~acre 
formulae. Since a formula is necessary for multiple calc u lations 
these tests were necessary. Of those formulae compared with the 
integrated Elsasser chart, The Angstrom formula gave the best 
results. The Brunt and Lin acre systems were not quite so 
consistent and the Swinbank system appeared to be quite 
unsatisfactory. The Brunt formula was used by the Russians In 
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their original study and obviously had to be calculated so tha t 
their system might be reproduced. The Lin¢acre formula was 
developed in Australia and compared with the integrated Elsasser 
chart equally as well as the Brunt system and was therefore 
calculated for these reasons. The Angstrom formula, having the 
best correlation with the integrated Elsasser chart, was 
I 
naturally also calculated, but the Swinbank formula was 
disregarded. When the radiation balance had been calculated 
using all three formulae for longwave radiation loss, under 
conditions typical of all parts of Australia, some notable 
differences appeared. The Lin~acre formula gave consistently 
higher results for the radiation balance than the other two, 
a logical outcome of the cloud component ln this formula, and 
the Angstrom formula produced lower results in the tropics than 
did the Brunt, but elsewhere only slightly higher values. For 
these reasons the final map of radiation balance has been based 
on the results produced using the Brunt formula with due account 
being taken of the Angstrom results in the north. In the 
Northern Territory, for example, the index value was raised, 
thereby adjusting to the north the line delineating desert 
conditions. The radiation index of dryness was calculated 
without difficulty. 
To calculate and map the radiation balance and the 
radiation index of dryness for Australia necessitated the use 
of a regular system of sample points. To this end the 
intersections of consecutive degree lines of latitude and 
longitude were adopted giving a total of 696 sample points for 
the whole country. All the necessary data were interpolated from 
available maps depicting the information in contour form. A 
computer program was prepared and run, the output being in 
tabular form and also plotted in a simulated map form on a 
standard lineprinter. When a mercator-type map of Australia 
J 
was applied to the serles of crosses and their accompanying 
values, isolines were drawn directly around them, thus saving 
copylng time and increasing the reliability of the result. In 
view of the fact that the final plotting scale of the maps IS 
1 :25,000,000, 696 data points is an adequate coverage of the 
country---indeed, much of the arid centre is over sampled. 
Assessment of the results is in two stages. A map of the 
radiation index of dryness derived using the above techniques 
has been compared with available world maps prepared by Budyko 
and Giese. These maps are similar and are in good agreement 
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with the derived maps. Furthermore, diagrams representing 
geographic zonality in Russia have been reproduced uSIng 
Australian data. Basic agreement IS observed where the radiation 
index of dryness has a value less than 3.0. Values greater than 
this indicate desert conditions and here the diagram prepared 
using Australian data gIves much higher values of the radiation 
balance than those obtained by the Russians. Naturally the 
radiation index of dryness was also higher. This is the result 
of basing the calculation of effective longwave radiation loss 
upon air temperatures as employed by Budyko instead of the 
temperature of the earth's surface adequately supplied with 
moisture. This difference is the result of Australian air 
temperatures being higher than those in Russia. Data for Q moi~t 
surfoce are not available and, as already mentioned, the 
condition is unreal. Areas with an index value greater than 
3.0 are labelled desert areas and therefore the high index 
figures are of no consequence. Where the index value is less 
than 3.0 the assumption that the temperature of the surface 
is approximates by air temperature is valid in terms of the 
results. 
Budyko has produced a diagram depicting the association 
between conditions of geographic zonality and surface water 
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runoff. Here the reproduction of the Russian model was not very 
successful, a fact no doubt attributable to the different 
hydrological conditions in Australia. 
The second stage of assessment is based upon a comparIson 
between the maps derived from the reproduces Russian system and 
maps representing bio-mass conditions and soil types. A map 
of bio-mass conditions was derived from a draft of a new 
vegetation map being prepared for the Atlas of Australian 
Resources. The height of the various vegetation forms was 
considered in combination with the extent of the foliage cover. 
Seven categories were established using this system. The soil 
map also had seven categories, being a generalisation of the 
map in the Atlas of Australian Resources. 
Comparison was carried out using a contingency coefficient 
derived from a comparison of individual data points on the 
varIOUS maps. The coefficient indicated the extent to which a 
classification delineated on one map corresponded with a 
different classification on a second map. As a guide, bio-mass 
boundaries were compared with soils boundaries and a good 
association was demonstrated. The geographic zones did not 
correspond particularly well with the bio-mass boundaries b u t 
there was an acceptable association between the geographic 
zones and soils boundaries. The previously mentioned 
deficiencies in the calculation of the radiation balance in 
arid parts of the country would account for much of the 
dissimilarity here between some of the boundaries of the 
derived geographic zones and bio-mass and soils boundaries. To 
amend this situation modifications and generalisations were 
effected upon the map of geographic zones with special 
consideration being given to rainfall seasonality, variations 
between the three calculations of long wave radiation loss , 
and individual data points yielding strange results. 
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Consequently, much better associations we~e achieved between 
boundaries of geographic zones and bio-mass and especially soils 
boundaries. These better associations were demonstrated by 
higher contingency coefficients in both cases. 
There are also subjective verifications. It IS apparent 
by inspection that the 1.0 index line corresponds closely with 
the boundary of tall forests depicted on Carnahan's revised map 
of vegetation boundaries. Fur the rm 0 r e, the 1 . 5 in d ex 1 in e 
neatly surrounds the boundary of 'forests' as defined on the 
present map of 'Vegetation Regions' in the Atlas of Australian 
Resources. There is also a remarkably good agreement observed 
between the line representing an index value of 3.0 (i.e. desert) 
and a line drawn to delimit the study area of the Rangelands 
Research Unit of the CSIRO (i.e. arid land). 
Finally, a comparIson is made between the results achieved 
In Australia and the results of work carried out by Sellers in 
the United States. There is very good agreement between this 
latter study and that of the Russians, the same good agreement 
which has been demonstrated to exist in Australia. 
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The derivation of hours of daylight ln mid summer and 
~id winter at various latitudes 
.. 
. 
. 
.. 
o = latitude, 
O~\ = Sin 0, 
pJv1 = Cos 0 = AN 
. AP 
.. - = OA Tan 23.5
0 (the sun's 
declination ln mid 
summer and mid winter) 
.. AP = OA Tan 23.5 0 
:.AP = Sin 0 Tan 23.5 0 
PS = SQ = AN = Cos 0 
AP 
and PS = 
AP 
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Sin @ = 
Sin @ = 
Sin @ (@ is the proportion 
of 90 0 representing the dark 
part of SlX hours, being 
the same value obtained 
o 
when 180 represents twelve 
hours) 
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:. dayl ight hours (mid summer) - 12 + 
and daylight hours (mid 'v\' in t e r ) = 12 
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and ¢ is the angle of latitude 
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x 12) hours 
x 12) hours 
and ~oo is the proportion of mean daylight hours (2; = 12) 
by which actual daylight hours is increased and decreased 
ln mid summer and mid winter respectively 
ote The small differences between the calculated values 
and those obtained from the tables produced cy the 
Smithsonian Institute are explaine~ by the assumption 
here that the earth is spherical. 
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index of dryness 
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Calculate day length 
I Calculate the radiation balance and the radiation 
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index of dryness using the Lin~acre equation 
I 
Calculate seasonality 
I 
Calculate annual ranges of temperature, vapour 
pressure and global radiation 
I 
Printout In table form 
I 
PrinLout In semi mapped form 
I 
End 
APPENDIX 4 
This IS an abbreviated algorithm of the very straight-
forward computer program used in this study_ 
HRUNT DATA * 100.0 CLIMAP RUN 
This example represents the radiation index of dryness 
calculated using the Brunt formula for net longwave 
radiation loss. The numbers have been multiplied by 100 
for convenience, and a section of coastline and some 
of the isolines have been added. 
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This nomogram enables the estimation of net longwave 
radiation loss 1n langleys per minute for glven 
temperature and vapour pressure conditions. The 
horizontal aX1S 1S surface temperature in degrees 
celsius and the vertical aX1S 1S vapour pressure 
1n millibars. 
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